Abstract. Salinomycin (SAL), a polyether ionophore antibiotic, has been demonstrated to selectively kill cancer stem cells (CSCs) in various types of human tumor. The aim of the present study was to investigate the effects of SAL on canine mammary CSCs. CSCs in canine mammary carcinoma cell lines (CMT7364 and CIPp) were identified using a sphere formation assay and flow cytometry. The chemoresistance, invasive potential and expression of stem cell-associated proteins of these spheres was then analyzed. This demonstrated that the spheres exhibited characteristics of CSCs, including a cluster of differentiation (CD)44 + /CD24 -/low phenotype, upregulation of Wnt/β-catenin signaling pathway-associated proteins and chemoresistance. The viability of the spheres was decreased in a concentration-and time-dependent manner following treatment with SAL, and the spheres did not exhibit increased resistance to SAL compared with their parental cells. In addition, exposure to SAL inhibited sphere-formation and invasive potential in canine mammary CSCs in a dose-dependent manner. Furthermore, SAL decreased the CD44 + /CD24 -/low population and downregulated the expression of Wnt/β-catenin signaling-associated proteins (β-catenin, Cyclin D1 and octamer-binding transcription factor 4) in the spheres. In conclusion, the present study demonstrated that SAL is an effective inhibitor of canine mammary CSCs in vitro, indicating that SAL is a promising chemotherapeutic agent for the treatment of canine mammary carcinoma.
Introduction
Mammary gland tumors are the most common type of tumor in female dogs, and ~50% of them are malignant (1, 2) . Thus, it is a critical disease in veterinary clinical practice. However, following common cancer therapy (surgery, chemotherapy or radiotherapy, or their combinations), certain patients with canine mammary tumor still develop recurrence and/or metastases (2) . As with humans, the presence of cancer stem cells (CSCs) within the tumor mass is a possible explanation for this clinical issue. CSCs are a small subset of cancer cells, which constitute a reservoir of self-sustaining cells with the exclusive ability to self-renew, thereby maintaining the tumor (3) . CSCs are considered to be responsible for treatment resistance, recurrence and metastasis in various human cancers (4) (5) (6) .
Increasing evidence supports the presence of CSCs in canine mammary tumors (7) (8) (9) (10) . Human breast CSCs are primarily characterized by cluster of differentiation (CD)44 + /CD24 -/low cells, sphere formation and active aldehyde dehydrogenase (11) . These characteristics have also been observed in canine mammary CSCs; a CD44 + /CD24
-/low phenotype is also a specific maker of CSCs in canine mammary carcinoma (8, 9, 12) . Another feature of CSCs is overexpression of stem cell-associated genes, including octamer-binding transcription factor 4 (Oct-4) and sex determining region Y-box 2 (Sox-2) (10). Furthermore, activation of the Wnt/β-catenin, Hedgehog and Notch signaling pathways confers resistance and survival to CSCs in human cancer (13) . Similar to what has been observed in human cancer, canine mammary CSCs upregulate stem cell-associated genes (9) and activate the Wnt/β-catenin signaling pathway (14) . Canine mammary CSCs are highly tumorigenic, and exhibit multidrug resistance and invasive potential (9,15); therefore, they serve an important role in the treatment resistance, recurrence and metastasis of canine mammary tumors. Salinomycin (SAL), a polyether ionophore antibiotic isolated from Streptomyces albus, is widely used in farm animals as an anticoccidial drug (16) . A previous review demonstrated that SAL is able to selectively deplete CSCs in different types of human cancer, including breast, gastric, hepatocellular, pancreatic, prostate and ovarian (13) . SAL was also revealed to inhibit cell invasion and migration in a variety of cancer types (17) . However, the mechanism of SAL anticancer activity in CSCs is not yet completely understood. A previous study demonstrated that SAL is a canonical Wnt/β-catenin signaling pathway inhibitor, through effecting the expression of numerous Wnt-associated genes, including β-catenin, Cyclin D1, fibronectin, lymphoid enhancer-binding factor and Salinomycin inhibits canine mammary carcinoma in vitro by targeting cancer stem cells low-density lipoprotein receptor-associated protein 6 (18) . In addition, the Wnt/β-catenin signaling pathway appears to be responsible for the antitumor effects of SAL on human breast cancer (19) . Based on the aforementioned data, new cytotoxic drugs that target canine CSCs, in addition to those in humans, are required. Therefore, the present study focused on whether SAL inhibits canine mammary CSCs. The effects of SAL on the viability, sphere-forming ability and invasive potential of cells derived from canine mammary carcinoma were analyzed. In addition, various proteins (β-catenin, Cyclin D1 and Oct-4) and the CD44 + /CD24 -/low cell population were observed in response to SAL. Chemicals and antibodies. SAL, doxorubicin (DOX) and cisplatin (DDP) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The antibodies used for western blot analysis were as follows: Primary antibodies, mouse anti-β-catenin (dilution, 1:1,000; cat. no. sc-133240); mouse anti-β-actin (dilution, 1:2,000; cat. no. sc-47,778); mouse anti-Oct-4 (dilution, 1:500; cat. no. sc-5279) and rabbit anti-Cyclin D1 (dilution, 1:1,000; cat. no. sc-753); secondary antibodies, goat anti-rabbit IgG-HRP (dilution, 1:2,000; cat. no. sc-2054) and goat anti-mouse IgG-HRP (dilution, 1:2,000; cat. no. sc-2005; all Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Antibodies used in the flow cytometric assay were phycoerythrin anti-mouse CD24 (dilution, 1:200; cat. no. 553261) and allophycocyanin anti-mouse/human CD44 (dilution, 1:200; cat. no. 561859; both BD Biosciences, Franklin Lakes, NJ, USA).
Materials and methods

Cell
Cell viability assay for chemoresistance. Cell spheres were obtained as previously described (9) . CMT7364 and CIPp cells and their spheres were plated on 96-well plates at a density of Sphere formation assay to identify CSCs. Cells were pretreated with SAL (0, 3 or 6 µM) for 48 h. Cells were then harvested and plated at a density of 2x10 3 cells/well on an ultralow attachment 6-well plate (Corning Incorporated, Corning, NY, USA.) in serum-free DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10 ng/ml of basic fibroblast growth factor (PeproTech China, Suzhou, China), 10 ng/ml of epidermal growth factor (PeproTech China), 4 µg/ml of heparin (Sigma-Aldrich; Merck KGaA) and 50X B-27 (Gibco; Thermo Fisher Scientific, Inc.). The number of spheres was counted after a 7-day incubation (at 37˚C in atmosphere containing 5% CO 2 ) using an inverted phase-contrast microscope at x40 magnification. Five fields of view from each plate were selected and counted, and the results were expressed as the total number of spheres.
Cell invasion assay. Tumor cell invasion capacity was analyzed using a Transwell chamber (cat. no. 3422; Corning Incorporated) according to the protocol of the manufacturer. In brief, the Transwell plate was coated with 25% Matrigel (cat. no. 354248; BD Biosciences). DMEM containing 10% FBS was added to the lower chamber, and 2x10 3 cells were seeded into the upper chamber with serum-free DMEM containing SAL (0, 3 or 6 µM). The plate was incubated for 48 h at 37˚C, and the upper cells were then scraped off with a cotton swab. The cells on the lower side of the insert were fixed with 5% glutaraldehyde for 10 min, followed by staining with 1% crystal violet in 2% ethanol for an additional 20 min at room temperature. The number of cells on the lower side of the filter were viewed under a microscope at x400 magnification. Five fields of view were randomly selected and cells were counted in each, with the results expressed as the mean number of cells/field.
Flow cytometry. Spheres treated with SAL (0, 3 or 6 µM) for 48 h at 37˚C, and their parental cells which were not treated with SAL, were enzymatically dissociated with 0.25% Trypsin-EDTA (Gibco; Thermo Fisher Scientific, Inc.). Following washing with PBS plus 2% FBS, the cells were incubated with antibodies directed against CD44 and CD24 for 30 min at 4˚C according to the manufacturer's protocol. The cell populations were then analyzed within 30 min by flow cytometry using a BD FACSCalibur flow cytometer (BD Biosciences), and data were analyzed with FlowJo (version 10.0.7; FlowJo, LLC, Ashland, OR, USA).
Western blot analysis. Spheres treated with SAL (0, 3 or 6 µM) for 48 h at 37˚C and their parental cells were incubated with radioimmunoprecipitation assay buffer with phenylmethanesulfonyl fluoride. Equal amounts of protein (30 µg) were resolved on a 10% gel using SDS-PAGE, then transferred to polyvinylidene fluoride (PVDF) membranes (Pall Life Sciences, Port Washington, NY, USA). The membrane was blocked with 5% milk in PBS-Tween-20 at room temperature for 1 h. The primary antibodies (anti-β-catenin, anti-Cyclin D1 and anti-Oct-4) were then diluted in blocking buffer and added to individual PVDF membranes that were incubated at 4˚C overnight. The next day, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 2 h at room temperature and protein bands were detected with an enhanced chemiluminescence substrate (cat. no. 34080; Thermo Fisher Scientific, Inc.). β-actin was used as an internal control.
Statistical analysis. Statistical analyses were performed using GraphPad Prism software (version 6.01). Data are presented as the mean ± standard deviation. A student's test was used when 2 groups were being compared, and a one-way analysis of variance when 3 groups were being compared. P<0.05 was considered to indicate a statistically significant difference.
Results
CMT7364 and CIPp spheres exhibit characteristics of CSCs.
CMT7364 and CIPp spheres (Fig. 1A) derived from parental cells, under anchorage-independent conditions and in the absence of FBS, exhibited characteristics of CSCs. Firstly, spheres exhibited a CD44 + /CD24 -/low phenotype and expressed an increased level of CD44 compared with their parental cells (Fig. 1B) . In addition, western blot analysis demonstrated that stem cell marker Oct-4 and the Wnt/β-catenin-associated proteins β-catenin and cyclin D1 were overexpressed in spheres when compared with their parental cells (Fig. 1C ). The IC 50 was then calculated using a CCK-8 assay. The results demonstrated that the IC 50 of DDP and DOX were significantly increased in spheres compared with their parental cells (P<0.05; Fig. 1D ). These results indicate that the spheres derived from CMT7364 and CIPp cells are CSCs.
SAL inhibits the viability, sphere-forming ability and expression of stem cell-associated proteins of CMT7364 and CIPp spheres.
The present study aimed to determine whether SAL targets canine mammary CSCs. The cytotoxic effect of SAL was evaluated using the CCK-8 assay. The results demonstrated that SAL reduced cell viability in a time-and concentration-dependent manner (P<0.05; Fig. 2A ), and the 48 h IC 50 of SAL in spheres was similar compared with that of the parental cells (Fig. 2B ). In addition, it was identified that SAL significantly inhibited canine mammary CSC sphere-formation, reducing the size and number of spheres (P<0.05; Fig. 3A and B) . Western blot analysis revealed that the protein expression of β-catenin, Cyclin D1 and Oct-4 in spheres was downregulated following treatment with SAL (Fig. 3C) . To confirm that SAL targets canine mammary CSCs, the CD44 + /CD24 -/low phenotype of the spheres was measured following treatment with SAL. As illustrated in Fig. 3D , SAL reduced the proportion of CD44 + /CD24 -/low cells in the overall sphere population.
SAL inhibits the invasive potential of CMT7364 and CIPp spheres.
Since CSCs have a high invasive potential, a Transwell assay was performed to evaluate the effect of SAL on the invasion of the spheres (Fig. 4) . Compared with untreated cells, the number of cells that invaded the lower side of the Transwell chamber was significantly lower (P<0.05).
Discussion
Increasing evidence supports the CSC theory, which hypothesizes that CSCs are responsible for tumor growth, therapy resistance, recurrence and metastasis (3, 4, 6, 21, 22) . In canines, mammary CSCs are associated with a higher grade of carcinoma and poor prognosis (7, 8) . In addition, canine mammary CSCs are typically resistant to common cancer therapies (9, 15) . Therefore, it is important to identify novel drugs targeting CSCs for the eradication of canine, and human, mammary tumors. A previous review has demonstrated that SAL selectively depletes CSCs in different types of human cancer, likely by interfering with ATP-binding cassette drug transporters, the Wnt/β-catenin signaling pathway and other CSC-associated signaling pathways (13) . Thus, the present study investigated whether SAL inhibits CSCs in canine mammary tumors.
The sphere formation assay is a useful tool to identify CSCs. Previous studies have used this method to analyze the sphere-forming ability of canine mammary CSCs (15, 23) . This method has also been used to investigate novel therapeutic drugs in humans and canines (14, 24) . In the present study, it was observed that spheres from canine mammary carcinoma cell lines overexpressed the stem cell markers CD44 and Oct-4, and exhibited chemoresistance to DOX and DDP. These findings indicate that the spheres derived from CMT7364 and CIPp are CSCs.
Spheres may form single suspended cells under serum-free conditions, which is important for the self-renewal capacity of CSCs (9) . The present study demonstrated that SAL reduced cell viability in a time-and concentration-dependent manner, and also inhibited sphere formation by reducing the number and size of spheres. In addition, the IC 50 of SAL in spheres and their parental cells were similar, which indicates that canine mammary CSCs are not resistant to SAL. A CD44 + /CD24 -/low phenotype is a specific maker of CSCs in canine mammary carcinoma (8) . In the present study, SAL treatment reduced the CD44 + /CD24 -/low cell population. A previous study identified that Oct-4 is as an adequate marker of CSCs of canine mammary tumors (25) , and overexpression of Oct-4 has been associated with malignancy and poor outcomes (26) . Thus, the level of expression change of Oct-4 after drug treatment may be used to evaluate the ability to specifically target CSCs. In the present study, the expression of Oct-4 protein was decreased in spheres following treatment with SAL. These findings suggest that SAL inhibits CSCs in canine mammary tumors.
The canonical Wnt/β-catenin signaling pathway serves an essential role in cell proliferation and migration, and in the self-renewal of CSCs (27) . A previous study has identified that this signaling pathway is upregulated in human breast CSCs (28) . Similar to in humans, the present study revealed that stem cell-like spheres overexpressed the Wnt/β-catenin signaling pathway-associated proteins β-catenin and Cyclin D1, indicating that this signaling pathway is also upregulated in canine mammary CSCs. Previous studies have demonstrated that SAL targets CSCs in various tumors, including gastric cancer, osteosarcoma and lung cancer, by impacting the Wnt/β-catenin signaling pathway (29) (30) (31) . Notably, in the present study the protein level of β-catenin and Cyclin D1 in spheres was decreased following treatment with SAL. This suggests that the Wnt/β-catenin signaling pathway is associated with the effect of SAL on canine mammary CSCs.
Tumor metastasis is a major cause of mortality in humans and canines with cancer. CSCs possess migration and invasion potential, driving metastatic tumor formation (21, 22) . However, there are few effective treatments for patients with metastatic disease.
Recently, studies have indicated that SAL inhibits cell migration and invasion in a variety of cancer types in vitro (17) , in addition to reducing metastasis in vivo (32, 33) . In the present study, the invasive ability of canine mammary CSCs was decreased following treatment with SAL in vitro; however, whether SAL has inhibits the metastasis of canine mammary tumor cells requires additional study. In conclusion, the present study identified that SAL is an effective inhibitor of canine mammary CSCs in vitro, indicating that SAL is a promising chemotherapeutic for the treatment of canine mammary carcinoma. 
